Sequences from 14 slowly evolving chloroplast genes (including three highly conserved introns) were obtained for representative basal angiosperm and seed-plant taxa, using novel primers described here. These data were combined with published sequences from atpB, rbcL, and newly obtained sequences from ndhF. Combined data from these 17 genes permit sturdy, well-resolved inference of major aspects of basal angiosperm relationships, demonstrating that the new primers are valuable tools for sorting out the deepest events in flowering plant phylogeny. Sequences from the inverted repeat (IR) proved to be particularly reliable (low homoplasy, high retention index). Representatives of Cabomba and Illicium were the first two successive branches of the angiosperms in an initial sampling of 19 exemplar taxa. This result was strongly supported by bootstrap analysis and by two small insertion/deletion events in the slowly evolving introns. Several paleoherb groups (representatives of Piperales) formed a strongly supported clade with taxa representing core woody magnoliids (Laurales, Magnoliales, and Winteraceae). The monophyly of the sampled eudicots and monocots was also well supported. Analyses of three major partitions of the data showed many of the same clades and supported the rooting seen with all the data combined. While Amborella trichopoda was supported as the sister group of the remaining angiosperms when we added Amborella and Nymphaea odorata to the analysis, a strongly conflicting rooting was observed when Amborella alone was added.
The pattern of early evolutionary diversification of the flowering plants has been one of the most outstanding unresolved problems in plant biology. Major contributions to our understanding of early angiosperm relationships have come from recent studies of a variety of morphological and anatomical characters in living and fossil taxa (e.g., Donoghue and Doyle, 1989; Loconte and Stevenson, 1991; Taylor and Hickey, 1992; Hickey and Taylor, 1996; Loconte, 1996; Tucker and Douglas, 1996; Endress and Igersheim, 1997; Endress, 1997, 1998; Nandi, Chase and Endress, 1998) . Unfortunately, these characters typically provide only weak or ambiguous support for deep angiosperm relationships when used in phylogenetic analysis (e.g., Crepet, 1998; Doyle, 1998) . This is a consequence of the relatively low number of morphological characters currently available, but is also because it can be difficult to determine character homology across the major seed-plant groups (J. A. Doyle, personal communication, University of California, Davis; Frohlich, 1999 ). An additional major problem is that the angiosperms are by far the largest group of living land plants, and so an ''exemplar'' taxon sampling approach is unavoidable. Fortunately, most angiosperms fall in a few species-rich clades (the monocots and eudicots in particular; Chase et al., 1993) , so relatively few taxa may suffice to sample adequately the phylogenetic diversity of the most deeply branching lineages.
The fossil record of the flowering plants extends back at least 130 million years (see Crane, 1993; Doyle and Donoghue, 1993; Crane, Friis, and Pedersen, 1995) . Several lines of molecular evidence suggest an even earlier origin of the crown angiosperm group (reviewed in Sytsma and Baum, 1996; Li, 1997) , and the available paleobotanical data do not rule out an extended period of unrecorded angiosperm evolution (Crane, 1993) . Regardless of this uncertainty, very long branches subtend the earliest diverging or ''most basal'' lineages of the angiosperms in phylogenetic analysis. In contrast, a preponderance of relatively short internodes around the base of the angiosperms (e.g., Chase, 1993) suggests a relatively rapid diversification of many of the extant basal lineages. The combination of deep lineages with short internal branches is known to have the potential for yielding strongly misleading results, the phenomenon of statistical inconsistency, or ''longbranch attraction'' (Felsenstein, 1978; Hendy and Penny, 1989) .
Long branches may be difficult or impossible to divide by additional taxon sampling for at least some basal lineages, such as Amborellaceae and Ceratophyllaceae, that are represented by only one or a few extant taxa. Swofford and Poe (1999) caution that adding taxa to break up long branches will not always improve the consistency of phylogenetic estimation, the ability to converge on the correct answer with increasing amounts of data. Compounding the problem of long branches in basal angiosperm lineages, the extant seed-plant groups, the angiosperms, conifers, cycads, Ginkgo and Gnetales, represent phylogenetically disjunct remnants of a more ancient radiation. Correspondingly long branches separate the major living seed-plant groups. One solution to circumventing long-branch attraction, in the absence of living lineages that could span this divide, may be to employ conservatively evolving characters (Felsenstein, 1983) .
Sampling error on short internal branches is an additional, poorly recognized source of ambiguous and misleading phy- a The prefix GBAN-has been added to link the online version of American Journal of Botany to GenBank, but is not part of the actual accession number.
logenetic inference (Rodrigo et al., 1993; Page, 1996; Graham et al., 1998) . The accuracy of phylogenetic inference may be more easily improved by adding characters to detect changes on short internal branches, than by adding additional taxa (Swofford and Poe, 1999) . However, if slowly evolving regions are to be used to address basal angiosperm relationships, more characters in total must be sampled to assure sufficient resolution of deep, but short, internal branches (see also Donoghue and Sanderson, 1992) . Our approach to the twin problems of long-branch attraction and sampling error is to obtain relatively massive amounts of slowly evolving characters per taxon. This approach complements recent studies of basal angiosperm relationships that examined a greater number of taxa for fewer genes (Mathews and Donoghue, 1999; Qiu et al., 1999; Soltis, Soltis, and Chase, 1999; Parkinson, Adams, and Palmer, 1999) . Fortunately, automated DNA sequencing technology now permits the rapid collection of a large number of characters. Primers are available for amplifying and sequencing three chloroplast genes that have been used successfully in studies of a broad array of angiosperm groups: rbcL (Zurawski, Clegg, and Brown, 1984) ; ndhF (Olmstead and Sweere, 1994; Kim and Jansen, 1995) ; and atpB (Hoot, Culham, and Crane, 1995) . We describe here primers for 14 additional genes that are useful for amplifying and sequencing [Vol. 87 AMERICAN JOURNAL OF BOTANY Fig. 1 . Map of the primers used to amplify (open arrows) and sequence (all arrows except 10R) the chloroplast region that includes 3Ј rps12, rps7, and ndhB and their introns. Primer 15R (5Ј-GAGATTTTGAGTCTCGCGTGTC; not shown on the map) is located in the trnL gene several 100 bp downstream of ndhB. The following primer pairs were typically used for PCR amplification of the region: 1F/7R; 6F/10R; 9F/13R; 11F/14R or 12F/15R. The scale is relative to Nicotiana tabacum sequence (GenBank accessions GBAN-Z00044 and GBAN-S54304) (primers are not drawn to scale). Degenerate sites follow IUPAC/ IUB ambiguity codes. See the Appendix for more detailed primer information. across the seed plants. These genes include three highly conserved introns and span five additional chloroplast regions.
The five additional regions examined include complete or partial coding sequences for genes from the Large Single Copy (LSC) and Inverted Repeat (IR) regions of the chloroplast genome (see Table 2 ). Of the 14 additional genes considered, ten are Photosystem II (psb) genes located in three distinct LSC regions. The remaining four are located in two IR regions in Nicotiana, Oryza, and Zea. They comprise three ribosomal protein genes and a gene for another NADH dehydrogenase (ndh) subunit. These genes were chosen to be at least as slowly evolving as those currently used to address basal angiosperm relationships. Genes in the IR have a six-to tenfold lower synonymous substitution rate than those in the single-copy regions (Wolfe, Li, and Sharp, 1987; Goremykin et al., 1996) , and Photosystem II genes have some of the lowest synonymous substitution rates of single-copy chloroplast genes (Olmstead and Palmer, 1994) . They have a correspondingly low level of multiple change per site. An important implication of using sequences with low synonymous substitution rates is that they will have low site-to-site heterogeneity in substitution rates, which enables a better fit to models of phylogeny reconstruction. We examined previously published GenBank sequences for these regions (results not shown) and found that they also have a very low observed frequency of multiple change, with the IR sequences in particular showing a low amount of repeated change at each variable site. We obtained new data from these regions for a broad range of exemplar taxa, using novel primers described here. We demonstrate the utility of these genes in sorting out basal angiosperm relationships, and also show that caution should be exercised over the finding (Parkinson, Adams, and Palmer, 1999; Qiu et al., 1999; Soltis, Soltis, and Chase, 1999) that the root node of the angiosperms has been definitively resolved (see also Graham et al., in press ).
MATERIALS AND METHODS
Taxon sampling-Seed-plant taxa were sampled from a list of exemplar species compiled by the Green Plant Phylogeny Research Coordination Group [Vol. 87 AMERICAN JOURNAL OF BOTANY Fig. 3 . Map of the primers used to amplify (open arrows) and sequence (all arrows except 47R) the overlapping chloroplast genes psbD and psbC. The following primer pairs were typically used for PCR amplification of the region: 40F/47R and 44F/51R or 44F/B51R. Primers B47F and 51R were often used as alternate sequencing primers to primers 48F and B51R, respectively. The scale is relative to Nicotiana tabacum sequence (primers are not drawn to scale).
(GPPRCG), a DOE/NSF/USDA-funded program designed to coordinate and stimulate research on green plant phylogeny. An initial subset of 16 exemplar angiosperms was chosen to represent most of the major basal lineages suggested by other molecular and morphological studies (Table 1) . We concentrated on taxa with ''Priority 1'' status on the GPPRCG list. Complete chloroplast genome sequences are already available for three of these taxa (Nicotiana tabacum, Oryza sativa, and Zea mays) and one outgroup taxon (Pinus thunbergii). With the inclusion of Gnetum gnemon and Ginkgo biloba as outgroup taxa, all extant seed-plant groups except Cycadales were represented in the analysis.
Primer design-The new primers permit amplification and sequencing of the following genes from five regions of the chloroplast genome (Table 2; Figs. 1-5): (1) the rps12 3Ј-intron and exons (referred to as the ''3Ј rps12'' gene here), rps7, and ndhB; (2) rpl2; (3) psbD and psbC; (4) psbE, psbF, psbL, and psbJ; and (5) psbB, psbT, psbN, and psbH.
The first two regions are located in the Inverted Repeat and include three ribosomal protein genes (rpl2, 3Ј rps12, and rps7) and an NADH dehydrogenase subunit gene (ndhB). The 3Ј rps12, rps7, and ndhB cluster of genes ( Fig. 1) lie several kilobases away from the rpl2 gene (Fig. 2) . The typical angiosperm IR includes all four genes (e.g., Nicotiana, Oryza, and Zea). They lie outside the IR of Marchantia polymorpha and the highly reduced IR of Pinus thunbergii. The 3Ј rps12 gene includes the last two of three exons of this divided, trans-spliced gene (Zaita et al., 1987) . The 5Ј exon of this gene (not sampled here) is located in the LSC region. A single Group II intron is present in each of the 3Ј rps12, ndhB, and rpl2 genes, and small intergenic spacers (IGSs) separate 3Ј rps12, rps7, and ndhB (Fig. 1) .
The three psb-gene containing regions we developed primers for are all located in the LSC region of the genome. Seven of the psb genes are quite small, ϳ100-200 bp in length. The genes within each region are coordinately transcribed, although psbB, psbT, and psbH are part of a larger transcription unit, as are psbD and psbC (see Gruissem and Tonkyn, 1993) . The psbN locus lies between the psbT and psbH genes (Fig. 5) , but is transcribed from the opposite strand. The psbC gene partly overlaps psbD (Fig.  3 ) and is cotranscribed with it, but also transcribed from a separate point within psbD (Yao et al., 1989) . The psbD and psbC reading frames are not in phase with each other. Small IGSs separate the other psb genes . Alternative promoters have also been found within the psbE-psbF-psbLpsbJ operon (Haley and Bogorad, 1990) .
Primer sites were spaced at most ϳ450-530 bases apart on each strand, a distance chosen because it allows a reasonable overlap using an ABI Prism 377 automated sequencer (PE Biosystems, Foster City, California, USA). Staggered spacing of primers on the forward and reverse strands minimizes the danger of sequence signal expiring at the same point on different strands. The IGS regions were rejected as sites for primer design, but several primers were placed inside the three introns or at intron/exon boundaries, because these sequences were found to be slowly evolving. These primers (Figs. 1-5; Appendix) should fail in taxa lacking introns, but that did not apply to any taxa examined in this study.
Choosing primer sites with as little variation as possible across the aligned Fig. 4 . Map of the primers used to amplify (open arrows) and sequence (all arrows) the chloroplast genes psbE, psbF, psbL, and psbJ. Primer pair 55F/ 58R was typically used for PCR amplification. Primers B55F and B57F and B58R were often used as alternate sequencing primers to primers 55F, B56F and 58R, respectively. The scale is relative to Nicotiana tabacum sequence (primers are not drawn to scale). taxa was made easier by the generally low substitution rates in the chloroplast genome, particularly for the IR sequences. Sequences of Marchantia polymorpha, Pinus thunbergii, and an assortment of angiosperm taxa available in GenBank were considered for primer design in the different regions. Alignments for each region were obtained using Clustal W (Thompson, Higgins, and Gibson, 1994) . For primers in protein-coding sequences, the 3Ј-most base (the one leading into the sequence) was generally chosen to be a secondcodon position, but occasionally a first-or third-codon position was used, the latter only if it belonged to a conserved codon for a twofold or nondegenerate amino acid. Variable sites within the primers regions were accounted for using partial nucleotide degeneracy in the primer sequence. Primers were assessed for duplex formation in Amplify 1.2 (Engels, 1993) and were discarded if they had a T m lower than ϳ60ЊC or obvious hairpin regions. All primers were at least 20 bases long to maximize the T m and, hence, the specificity of binding. Whenever possible, each primer was positioned so that it ended in a one or two base CG-clamp (G and C are the strong-pairing bases). Replacement or alternate primers were necessary in a few cases (primers with B and C prefixes in Figs. 1-5) where amplifications and cycle-sequencing reactions failed to work for all species.
Amplification and sequencing protocols-The following thermocycler profile was used for Polymerase Chain Reaction (PCR) amplifications: (1) initial denaturing at 94ЊC for 5 min; (2) 30 cycles of the following: denaturation at 94ЊC for 1 min, annealing at 45ЊC for 1 min, extension at 72ЊC for 2 min; (3) final extension at 72ЊC for 15 min. The reactions were performed in 50-L volumes, using 25 pm of each primer. QIAquick PCR purification columns (QIAgen Inc., Valencia, California, USA) were used to purify PCR products following manufacturer's instructions, except that 30 L of water preheated to 60ЊC was used for elution.
The primer pairs typically used in amplification are noted in the Appendix (see also Figs. 1-5), together with the sequencing primers (and alternates) used for each fragment. The following alternative amplification primer-pairs were occasionally used when the PCR products were absent or weak: region 1: 9F/14R instead of 9F/13R, and 12F/15R instead of 11F/14R; region 2: 20F/ 24R plus 21F/25R instead of 20F/25F; region 3: 40F/B47R instead of 40F/ 47R, 44F/51R instead of 44F/B51R; region 4: B55F/58R or 55F/B58R instead of 55F/58R. The atpB gene was sequenced for a few taxa where these were not already available, using the primers designed by Hoot, Culham, and Crane (1995) . We sequenced ndhF using primers designed by Olmstead and Sweere (1994) and Kim and Jansen (1995) . Only the 5Ј end of ndhF (bases 29-1317 in tobacco) was included, because the 3Ј end of the gene exhibits extensive length variation, in combination with an increased substitution rate (Olmstead and Sweere, 1994; Kim and Jansen, 1995; Olmstead and Reeves, 1995) .
An ABI Prism dRhodamine terminator cycle sequencing ready reaction kit (PE Applied Biosystems) was used to set up sequencing reactions following the manufacturer's instructions, except that 35 ng of PCR product were used per half-reaction. For cycle sequencing, 25 cycles of the following conditions were used: (1) denaturation at 96ЊC for 10 s; (2) annealing at 45ЊC for 5 s; (3) extension at 60ЊC for 4 min. Individual cycle sequencing products were cleaned on a Sephadex column and precipitated using an unheated vacuum centrifuge for half an hour. Resuspended products were run on an ABI Prism 377 automated sequencer. All regions were sequenced at least twice for each taxon, and with a few minor exceptions these represent both forward and reverse strands. Because a large number of PCR and sequencing products [Vol. 87 AMERICAN JOURNAL OF BOTANY Fig. 5 . Map of the primers used to amplify (open arrows) and sequence (all arrows except 66R) the chloroplast genes psbB, psbT, psbN, and psbH. The following primer pairs were typically used for PCR amplification of the region: 60F7/66R and 65F/71R. Primers B60F and B61F were often used as alternate sequencing primers to primer 60F; primers *B68R and B71R were often used as alternate sequencing primers to 68R and 71R, respectively. Note that the gene psbN is on the strand opposite to the co-ordinately transcribed psbB, psbT, and psbH genes. The scale is relative to Nicotiana tabacum sequence (primers are not drawn to scale).
were handled, a control for sample provenance was included by obtaining partial sequence from at least one replicate PCR product (from amplification reactions performed on different days) for each major region and taxon.
Data compilation-Sequencher 3.0 (Gene Codes Corp., Ann Arbor, Michigan, USA) was used to compile contiguous sequences from electrophoregrams generated on the automated sequencer. PCR primer sequences incorporated into sequenced products were excluded from contigs. Completed contigs were exported from Sequencher as text files and aligned across taxa using Clustal W (Thompson, Higgins, and Gibson, 1994) . Alignments exported in PHYLIP format (Felsenstein, 1995) were then imported into Se-Al 1.0 (Rambaut, 1998) for minor manual adjustment. Final alignments were then exported in PHYLIP noninterleaved format and imported into PAUP* 4.0 beta (Swofford, 1999 ). This process was repeated for each region. Finally, a master file containing alignments for each region was assembled (with FORMAT set to ''interleaved''). We were careful to maintain taxon order among noninterleaved alignments for the different regions, as taxon labels in interleaved files were not verified by the version of PAUP* we used. Gaps were treated as missing data in the analysis but retained as distinct records. Alignments are available on request from SWG.
Coordinates for gene, exon, and intron borders were determined by comparison with tobacco sequences, and this information was used to derive CHARSETs (character sets) in PAUP* to define the nucleotides used in each analysis. Finally, a separate binary character matrix (Table 3) was assembled for indel (insertion/deletion) characters in the intron and coding regions. This matrix was appended to the other characters in the master matrix. We excluded indels in IGS sequences from consideration because it was harder to determine their homology than in intron and coding sequences. Indels were also ignored if their homology could not be inferred unambiguously (in general this was only a problem for the outgroup seed plant taxa) or if they represented unique events in the outgroups.
GenBank accession numbers for new sequences are as follows (the prefix GBAN-has been added to link the online version of American Journal of Botany to GenBank, but is not part of the actual accession number): (1) GBAN-AF123771-AF123784 for the rps12, rps7, and ndhB region; (2) GBAN-AF123785-AF123798 for rpl2; (3) GBAN-AF123813-AF123827 for the psbD and psbC region; (4) GBAN-AF123828-AF123842 for the psbE, psbF, psbL, and psbJ region; (5) GBAN-AF123843-AF123857 for the psbB, psbT, psbN, and psbH region; (6) GBAN-AF123799-AF123812 for ndhF; (7) GBAN-AF187058-AF187061 for atpB. The new Amborella trichopoda sequences for these seven regions are GBAN-AF235041-AF235047. Source information for these taxa and GenBank numbers for previously published chloroplast sequences used in this study are given in Table 1 .
Phylogenetic analysis-Only coding and intron sequences and indel char- Fig. 6 . Single most parsimonious tree found using combined coding sequence, intron, and indel data from 17 chloroplast genes. The same ingroup topology was found using only angiosperm taxa. Taxon names follow APG (1998). Branch lengths are indicated above branches (computed using ACCTRAN optimization). Numbers below branches are the percentage of bootstrap replicates supporting that branch in analyses that include and exclude the outgroups respectively. See Table 5 for tree length and fit statistics. acters were considered. The IGS sequences were excluded from phylogenetic analysis because it was often difficult to determine nucleotide homology. Heuristic searches were performed in PAUP* with all characters and characterstate changes equally weighted. MULPARS and ''Steepest Descent'' options were activated, and 100 random addition replicates were performed for each search. All the data were analyzed simultaneously and also in the following data partitions: the IR data (coding and introns) combined; the Photosystem II genes combined; and the three remaining single-copy genes combined (atpB plus ndhF plus rbcL). These roughly equally sized data partitions were considered because they group the underlying data into at least two fairly natural groups: the IR sequences collectively evolve at a slower rate than the other sequences, and the psb genes all code for proteins in the Photosystem II complex. The appropriate indels were included for each data partition. All analyses were repeated with and without outgroup taxa, because these were by far the longest branches on the trees. The angiosperm subtree found from the most parsimonious tree from the combined analysis (see Results) was used to estimate the gamma-distribution shape parameter, alpha, available under the ''Tree Scores/Likelihood'' option in PAUP*.
Bootstrap analysis (Felsenstein, 1985) was performed with the same search criteria, except that one random-order entry starting tree was used for each of the 100 bootstrap replicates. Bootstrap analysis provides biased, but usually conservative, estimates of the accuracy of individual clades (Hillis and Bull, 1993) . Hillis and Bull showed that branches supported by ϳ 70% or more replicates tend to be representative of the true phylogeny so long as rates of change are not very high or very unequal among lineages (see Felsenstein and Kishino, 1993 , for a slightly different interpretation). We refer to branches with at least this much support as ''well-supported'' while recognizing that phenomena such as long-branch attraction can also lead to erroneously high support values. Bootstrap analyses were repeated on the three data partitions. The mean bootstrap support from each of these data partitions also was determined for the angiosperm subtree inferred using all the data (i.e., the average bootstrap support from each data partition for the 13 nonterminal branches in this tree). The incongruence length difference (ILD) test of Farris et al. (1994) was used to assess the significance of incongruence among these subsets of the available chloroplast data. The same heuristic search criteria were used as above, except that ten random addition replicates were used for each of the 100 permutation replicates.
RESULTS
The rpl2 intron is known to be missing in several eudicot groups (Downie et al., 1991) d Underline: independent but potentially phylogenetically nested indel events in the same location. Parenthesis: independent and non-nested indel events in the same location.
e Indicates additional ambiguous (or autapomorphic) indel events are found in the same location in outgroup taxa (not listed here). f Truncation of protein product is (Zea) or may be (Nicotiana; ignored in analysis) associated with one or more indel events that extend across the coding and intergenic regions.
* Data present but indel homology to other taxa uncertain; coded as ''missing data'' in the analysis. ? ϭ missing data sequence.
and all the angiosperms considered here. Several genes for particular taxa had to be omitted because they were missing, nonamplifiable, or could not be sequenced adequately. These characters were coded as missing data in the phylogenetic analyses. They are (by taxon): (1) ndhF and ndhB in Pinus (an ndhB pseudogene is present but ignored here); (2) ndhF, ndhB, and rpl2 in Gnetum (none of which could be amplified successfully); (3) psbJ in Acorus; (4) psbH in Asarum. The last two genes could not be sequenced because of homopolymer stretches in the IGS regions preceding each gene. Fairly substantial parts of several genes were excluded due to difficulty in obtaining amplifications or high-quality sequence: Cabomba atpB (213 bp missing from the 5Ј end relative to the sequences); Dioscorea ndhF (261 bp from the 5Ј end); Ginkgo ndhF (222 bp from the 5Ј end). Several GenBank rbcL sequences were also substantially foreshortened: Cabomba (192 bp missing at the 3Ј end) and Acorus (138 bp missing at the 3Ј end). A few genes also showed minor truncation or expansion of their inferred reading frame. Sequence beyond the truncation/ expansion point was excluded in phylogenetic analysis, unless nucleotide homology could be assigned unambiguously. For example, the start codon inferred in published angiosperm ndhB sequences is upstream from that in Marchantia (GenBank accession GBAN-X04465) and Ginkgo, such that the 5Ј exon of ndhB is 17-18 codons longer in the flowering plants. Because sequence upstream of the start codon in Ginkgo can be aligned unambiguously with the corresponding coding sequence in the angiosperms, this noncoding sequence was included in analyses.
RNA edit sites are known or suspected in several chloroplast genes (e.g., Maier et al., 1995; Freyer, Kiefer-Meyer, and Kössel, 1997) . Apart from Pinus, Gnetum, Ginkgo, and the four monocot taxa, a previously reported edit site within the initiation codon of psbL (Kudla et al., 1992; Bock et al., 1993) is inferred in all the taxa we examined here, including Amborella. An edit from C to U is necessary to produce a functional translation initiation codon for this gene in these taxa. Because all the sequences we considered were derived from DNA, the RNA edit sites in this and other genes should not have an intrinsically misleading effect on the phylogenetic analysis we performed (Bowe and dePamphilis, 1996) .
In most cases the lengths of noncoding regions (introns and IGSs) did not vary greatly across the taxa, either within the angiosperms or across the seed-plant taxa (Table 4 ). The greatest range of length variation was in the IGS region between the psbB and psbT loci (Table 4) . In all cases the standard deviation of length variation across examined sequences was Ͻ30 bp. This amount of length variation was thus not large enough to interfere with the ability to generate overlapping sequencing fragments for any region or taxon examined here.
Phylogenetic analysis-Two tiers of phylogenetic analyses were performed. The major set of analyses focused on a core (182) 63 (60) 104 (108) 26 (12) 10 (6) 11 (7) 79-200 (162-200) 48-86 (48-73) 79-128 (102-128) a To nearest basepair, across taxa in the study (where known).
of 19 taxa . A second set of analyses were performed that included one or two additional taxa (Amborella trichopoda alone or Amborella and Nymphaea odorata together; Fig. 9 , and see below).
Nineteen-taxon analyses-The same angiosperm subtree was seen in the single most-parsimonious trees inferred using the combined data from analyses that included (Fig. 6 ) or excluded the three outgroup taxa (Table 5 , topological distance of zero). The combined data strongly supported the water lilies, represented by Cabomba, as the sister group to the rest of the angiosperms (Fig. 6) . Illicium was resolved as the sister group to the remaining angiosperms, a relationship that was also well supported by bootstrap analysis. Four other major groups were well supported as monophyletic groups, at the current taxon sampling. These are: the monocots (including Acorus), the eudicots, Piperales (sensu APG, 1998; includes Piperaceae, Aristolochiaceae, and Lactoris), and a group composed of three woody magnoliids representing Magnoliales (Liriodendron), Winteraceae (Drimys), and Laurales (Calycanthus), together with Piperales. Relationships among these clades (and Ceratophyllum) were not strongly supported by bootstrap analysis (Fig. 6 ), but in the most parsimonious tree Ceratophyllum was the sister group of the monocots, and the eudicots were the sister group of that clade. The mean bootstrap support for the 13 nonterminal branches in the unrooted tree of 16 angiosperm species was nearly 80%.
Angiosperm monophyly was supported by 100% of replicates for all three data partitions. Five uncontradicted indels also support the monophyly of the angiosperms (Fig. 7) , presuming that the root of the seed plants falls outside the flowering plants. In most cases the indel characters were not synapomorphies for any of the phylogenetic structure inferred within the angiosperms, at least at this level of taxon sampling. However, one indel supports Dioscorea plus the two grasses, and ten indels support the monophyly of the two grass taxa sampled. Two indels also support the basal position of Cabomba, one of which is apparently a convergence with an indel in Gnetum (Table 3 ; Fig. 7) . A single-base indel (inferred to be a deletion; Table 3 ) seems to link Winterales and Magnoliales, but this is not inferred to be homologous between these two taxa on the most parsimonious tree (Fig. 6) since the same base is not lacking in Calycanthus or Piperales (Table  3 ; Fig. 7) . A medium-sized inversion located between rps7 and ndhB, which likely evolved in parallel in Calycanthus and the water lilies, has been noted previously (Graham and Olmstead, 2000) .
Of three distinct data partitions considered here (the IR genes, the Photosystem II genes, and the three other singlecopy genes), the Photosystem II data had the highest mean Mean bootstrap support from data set for the 13 internal branches (taxon bipartitions) seen in the single tree found for the angiosperms using all the data.
d Parsimony-based estimate of the gamma shape parameter (alpha) for among-site rate heterogeneity, as determined by (respectively) the methodof-moments, the Sullivan et al. method, and the Yang-Kumar method (see Swofford, 1999) on the single MP tree found for the angiosperms using all the data ( Fig. 6 ; angiosperm subtree).
bootstrap support for the angiosperm subtree inferred from all the data. The combined atpB ϩ ndhF ϩ rbcL data had the lowest mean bootstrap support for this tree, and the most parsimonious trees found with this data partition were also the most distinctive in shape (12 symmetric difference units compared to the angiosperm subtree inferred from all of the data). Cabomba was also resolved as the basal lineage in the most parsimonious tree(s) for all three chloroplast data partitions. For the IR and Photosystem II data partitions 100% of bootstrap replicates supported the Cabomba rooting, but for the combined atpB ϩ ndhF ϩ rbcL data, bootstrap support was almost equally split between a Cabomba and a Ceratophyllum rooting (44% of bootstrap replicates support the former, 49% the latter).
The IR data provided good support for most of the structure on the angiosperm subtree inferred from all the data, despite having fewer informative characters than either single-copy data partition. The mean support for the subtree from this data partition was 61% (Table 5 ). The IR data found more than one most parsimonious tree, but one of these was the closest in shape to the tree inferred from all of the data combined (two symmetric difference units; Table 5 ) of any tree found by the three data partitions considered. As might be expected for such slowly evolving characters, the IR data had by far the lowest amount of homoplasy as measured by two different homoplasy estimators, the consistency index, CI, and the retention index, RI (Table 5) .
All of the genes were inferred to be very slowly evolving. No change was inferred at a majority of characters (78%) across the angiosperm tree derived from all the data (88, 68, and 77% of all characters were invariant for the combined IR data, the combined atpB ϩ ndhF ϩ rbcL data, and the combined psb data, respectively). The IR data had the lowest parsimony-based estimate of the gamma-distribution shape parameter alpha (Table 5 ). This is in part a function of its high number of apparently invariant characters, but also because three-quarters of all variable characters were inferred to change only once for this data class. A narrow majority of variable characters in the other two data partitions changed more than once (Fig. 8) .
The trees inferred from all the data resolve Lactoris as the sister group of Saururus. This clade is also strongly supported by the Photosystem II data (89% bootstrap support). In contrast, the combined atpB ϩ ndhF ϩ rbcL data partition resolves a different clade, Lactoris plus Asarum, with 74% bootstrap support. Only 23% of bootstrap replicates support (Lactoris, Saururus) for this data partition. This partly accounts for the lower mean bootstrap support for the angiosperm subtree by this data partition. No local relationship of Lactoris was supported by Ͼ 50% of bootstrap replicates for the IR data partition.
Two of the data sets also provided moderate to strong support for a taxon bipartition (branch) that rejects Gnetales as the sister group of the angiosperms. A (Gnetum, Pinus) taxon bipartition (Fig. 6 ) was supported by 58% of bootstrap replicates for the IR data, and 100% for the combined atpB ϩ ndhF ϩ rbcL data. This is in line with several recent molecular studies of the nuclear gene RPB2 (A. Denton and B. Hall; personal communication), 18S rRNA (Chaw et al., 1997) and the five-gene, three-genome study of Qiu et al. (1999) . In contrast, the Photosystem II data support a (Gnetum, angiosperms) bipartition in 99% of bootstrap replicates, a result in line with the recent three-gene study of Soltis, Soltis, and Chase (1999) .
The strong disagreement concerning outgroup relationships and the more modest one involving the local position of Lactoris are the only cases where conflicting tree structure among data partitions was well supported by bootstrap analysis. When the ILD test of Farris et al. (1994) was performed on the three data partitions, significant or nearly significant heterogeneity was found with the outgroup taxa included or excluded (P ϭ 0.01 and 0.07, respectively). By excluding Lactoris and the three outgroup taxa, no significant heterogeneity was indicated (P ϭ 0.26).
Analyses with Amborella included-When Amborella trichopoda was added to the core data set, it was strongly Fig. 7 . Indel characters mapped onto the maximum parsimony tree shown in Fig. 6 (reduced to show only branches supported by indels) using ACCTRAN optimization. Numbered bars on each branch indicate the indel events inferred along them (the numbered labels correspond to those in Table 3 ). Indels observed to be homoplasious on the tree in Fig. 6 . are represented by hollow bars. For outgroup taxa, brackets around bars indicate that they reflect only nonambiguous or nonunique indel events (see text).
rejected as the sister-group of the rest of the living angiosperms in favor of Cabomba (Fig. 9a) . However, when Amborella and Nymphaea odorata were added together, Amborella was moderately well supported as the sister-group of all other angiosperms, and the two major water lily lineages, represented here by Cabomba and Nymphaea, were together inferred to be the sister-group of the remaining angiosperms (Fig. 9b) . In all analyses Illicium was depicted as the next most basal angiosperm lineage, after Amborella and the water lilies. The two analyses that included Amborella also disagreed over relationships inferred among the major seed plant groups (Fig. 9) . However, in both cases [Vol. 87 AMERICAN JOURNAL OF BOTANY Fig. 8 . Distribution of parsimony-change classes for three partitions of the data. The changes were those inferred on the angiosperm subtree in Fig. 6 . Only nucleotide characters were considered. These are minimal change estimates: denser taxon sampling should detect more multiple changes. Note that nucleotide sites sometimes are multistate characters, so sites with two or three changes will not all be homoplastic.
analyses that excluded outgroup taxa yielded the same underlying ingroup topology as that shown in Figs. 6 and 9 (results not shown).
DISCUSSION
Utility of the new primers-Sampling error on short branches is an important source of ambiguity in phylogenetic reconstruction (e.g., Rodrigo et al., 1993; Page, 1996; Graham et al., 1998) . The large number of characters in our study, about a tenth of the entire chloroplast genome (nearly 13.4 kb of unaligned coding and intron sequence in Nicotiana), provides substantial additional leverage for overcoming sampling error. The number of characters that can be examined has been somewhat limited by the availability of suitable PCR and sequencing primers, and the difficulty of obtaining large amounts of sequence. Our major goals were to present new sets of primers for plant molecular systematics, and to describe their application and utility in studying deep phylogenetic divisions in the flowering plants. Ten of 13 internal branches in our initial sampling of basal angiosperm lineages have Ͼ 70% support from bootstrap analysis (Fig. 6 ). The primers described here thus constitute a valuable new set of tools for inference of basal angiosperms (and other land plant) relationships. Nonetheless, it should be emphasized that high bootstrap values may sometimes reflect erroneous relationships in areas of inconsistency, rather than the accuracy of particular relationships (see below).
Quality of the data-Characters with a conservative evolutionary rate are expected be more resistant to long-branch attraction (Felsenstein, 1983) . The regions examined here are at least as slowly evolving as those previously being used to assess angiosperm phylogeny, and in several cases substantially slower (Table 5 ; Fig. 8 ). The retention index, RI, has been used as a criterion for assessing the relative informativeness of each character, or as a measure of phylogenetic signal (Farris, 1989; Savolainen et al., in press ). The Photosystem II data have very similar RI values to the combined atpB ϩ ndhF ϩ rbcL data (Table 5) , and so by this measure the psb genes are comparable to the other single-copy genes examined. The IR data have by far the highest RI values (Table 5) , and so individual IR characters would be expected to be on average more reliable than those from any of the other classes of data considered here.
A large gamma shape parameter indicates that all sites evolve at essentially the same rate (Swofford et al., 1996) . Very small alpha values, such as we find here (Table 5) , can indicate highly asymmetrical distributions of rates, with most sites changing very little or not at all (see Swofford et al., 1996) and a few sites changing more frequently. We suggest, therefore, that with slowly evolving sequences, very low alpha values can be thought of as roughly approximating an equalrates model, at least within a maximum parsimony framework. This is in line with the findings of Felsenstein (1981 Felsenstein ( , 1983 that when most characters change sufficiently slowly they may be equally weighted, even though they do not all actually change with equal probability, provided that the overall rate of change is very low (M. Sanderson, personal communication) . Figure 8 indicates that the IR data set most closely approximates an equal-rates model under parsimony, since most of its variable characters fall in only one parsimony-change class, the class with only one change inferred per character. This also largely accounts for the very low amount of homoplasy in- Fig. 9 . Single most parsimonious trees found using combined sequence, intron, and indel data from 17 chloroplast genes, with one or two basal angiosperms added to the preliminary data set. (a) Only Amborella trichopoda added (tree length ϭ 9105 steps, CI ϭ 0.601, RI ϭ 0.460). (b) Both Amborella and Nymphaea odorata added (tree length ϭ 9261 steps, CI ϭ 0.595, RI ϭ 0.478). In both cases the same underlying ingroup topology was seen when outgroups were excluded (results not shown). Branch lengths are proportional to the total amount of inferred change (computed using ACCTRAN optimization). Scale bars are included. Bootstrap support is noted beside each branch. ferred for this class of data. Indeed, Ͻ3% of variable IR characters are inferred to change three times or more across the entire tree. By comparison, 17 and 14% of variable characters change more than three times for the combined atpB ϩ ndhF ϩ rbcL data and the combined psb data, respectively (Fig. 8) . The total amount of change per site is likely to be an underestimate, because of undetected homoplasy, but this effect is thought to be minor for sites that have experienced few changes (Wakely, 1993) , as is the case for most of the variable chloroplast characters we examined.
Long-branch attraction and basal angiosperm relationships-Attraction between exceptionally long branches neighboring short internodes can become stronger as more characters (e.g., Felsenstein, 1978; Huelsenbeck, 1995) or taxa (Swofford and Poe, 1999) are examined. This phenomenon should thus be more apparent with molecular data sets than with morphological studies, by dint of their greater size. The observed strong conflicts among different subsets of our data, or at different levels of taxonomic sampling, may also be a consequence of rather severe long branches. Our suggestion that strongly divergent results can also be a hallmark of longbranch attraction is not necessarily in conflict with the standard view that it results in strong convergence to a single wrong answer: long-branch attraction is poorly understood for more than about four or five taxa (e.g., Kim, 1996) .
Several candidate long-branch effects are apparent in our study using this criterion. One concerns outgroup relationships. In our initial taxon sampling, the two single-copy data partitions converged strongly on different arrangements of the four major seed-plant groups considered, with the angiosperms grouping strongly with either Ginkgo or Gnetum. They also clashed over the position of Lactoris within Piperales. In each case the conflicting relationship was supported by Ͼ 70% of bootstrap replicates (see Results). The long branch associated with Lactoris is implied not only by the number of substitutions inferred on the maximum parsimony tree ( Fig. 6 ; note that Saururus is almost as long), but also by the large number of indel events inferred along this terminal branch (Fig. 7) . The significant result with the test of Farris et al. (1994) (with Lactoris and the outgroups included; see Results) may also reflect substantial ''saturation'' or noise on these long branches (see Graham et al., 1998) . When the outgroups were ignored, all of the analyses involving the 17 combined genes found the [Vol. 87 AMERICAN JOURNAL OF BOTANY same underlying relationships among the angiosperms (see Results). However, when outgroups were included in the analyses, an additional candidate long-branch problem involved the inferred root of the angiosperms.
The root of the angiosperms-For the initial set of analyses involving 16 core angiosperm taxa and three outgroups, we found strong support for the first two basal splits, represented by Cabomba and Illicium, respectively. Cabomba was used to represent the water lilies and Illicium represents a woody magnoliid group distinct from the core woody magnoliids (Magnoliales, Laurales, and Winteraceae). The root split at the water lilies was further supported by two indels here (Table 3 ; Fig.  7 ), and by a single indel in the very slowly evolving chloroplast ITS region (Goremykin et al., 1996) .
The determination of the root node of a large taxon, such as the angiosperms, is always conditional on increased taxon sampling (Sanderson, 1996) . Since our submission of this paper, a fast-paced series of developments in basal angiosperm phylogeny has taken place, in studies that employ a variety of genes and levels of taxon sampling (Mathews and Donoghue, 1999; Qiu et al., 1999; Soltis, Soltis, and Chase, 1999; Parkinson, Adams, and Palmer, 1999; Graham et al., in press ; S. W. Graham and R. G. Olmstead, unpublished data) . All of these studies, and the current study, support the idea that the water lilies, and next, Illicium and relatives, represent successively emerging basal lineages close to the base of the flowering plants. However, perhaps the most significant new discovery has been that the New Caledonian species Amborella trichopoda (Amborellaceae) may constitute the sister-group of the rest of the angiosperms. These exciting results have been widely commented upon in the popular media and have led many botanists to view the problem of rooting the angiosperms to be essentially solved.
We therefore decided to anticipate a future, more detailed study on the root of the angiosperms and add Amborella and one additional major water lily lineage (Nymphaea odorata) to our preliminary taxon sampling. Using only slightly different levels of taxon sampling (Nymphaea included or excluded), Cabomba or Amborella were each strongly supported as candidate sister-groups of the rest of the angiosperms (Fig. 9) . The rooting at Cabomba (Fig. 9A) , inferred when only Amborella was added, also conflicts strongly with bootstrap analyses reported in Mathews and Donoghue (1999) , Qiu et al. (1999) , Soltis, Soltis, and Chase (1999) and Parkinson, Adams, and Palmer (1999) . Additional conflict was seen in outgroup relationships in the analyses involving this additional taxon sampling (Fig. 9) .
Our analyses thus suggest that it is premature to place confidence in the Amborella rooting of the angiosperms, in this or other published studies with fewer characters available for analysis. The extant seed-plant groups are separated by very long branches that cannot be broken apart by the inclusion of additional intermediate taxa, because these are now extinct. A number of basal angiosperm lineages have similarly long branches. This fact alone should serve to give pause to the idea that the rooting of the angiosperms has been solved (see also Niklas, Crepet, and Nixon, 1999) .
Studies in progress will attempt to address whether the result here is an expression of deeper problems with the widely reported Amborella rooting. Of the two lineages competing for position at the base of the angiosperms in our analyses, Amborellaceae is a monotypic family, and Nymphaea and Cabomba represent each of the two major lineages of water lilies (Les et al., 1999) . Therefore, it is unlikely that the branches leading to these basal angiosperm lineages will be broken up more than we have done in this preliminary study (Fig. 9) , even with substantial additional taxon sampling. The conflicting results described here concerning the rooting of the angiosperms thus may not be settled by additional taxon sampling alone.
Conclusion-In our initial taxon sampling the placement of the root of the angiosperms between water lilies and the other exemplar angiosperms was found by all three major data partitions we examined, and the combined data and two of the three data partitions supported this strongly. Most of the remaining clades were also well supported. The genes we used were carefully chosen to survey a large number of slowly evolving characters, using new primers that worked well across a broad range of seed-plant taxa. The loci examined have low synonymous substitution rates, low homoplasy, and approximate an equal-rates model under parsimony. In combination with other chloroplast data they provide about an order of magnitude more high-quality characters than the landmark rbcL study of Chase et al. (1993) . We were also able to demonstrate several candidate cases where long-branch attraction may contribute to erroneous phylogenetic inference, including inference of the root node of the angiosperms: with slightly different taxon samplings two different root nodes were found for the angiosperms, one in strong conflict with published rootings. 
